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ABSTRACT: In this paper, a novel nanofilm type is proposed
based on a blend of poly(ethylene glycol)-block-poly(ε-caprolac-
tone) methyl ether (PEG-b-PCL) and poly(L-lactic acid), doped
with zinc oxide nanoparticles (ZnO NPs) at different concen-
trations (0.1, 1, and 10 mg/mL). All nanofilm types were featured
by a thickness value of ∼500 nm. Increasing ZnO NP
concentrations implied larger roughness values (∼22 nm for the
bare nanofilm and ∼67 nm for the films with 10 mg/mL of NPs), larger piezoelectricity (average d33 coefficient for the film up to
∼1.98 pm/V), and elastic modulus: the nanofilms doped with 1 and 10 mg/mL of NPs were much stiffer than the nondoped
controls and nanofilms doped with 0.1 mg/mL of NPs. The ZnO NP content was also directly proportional to the material melting
point and crystallinity and inversely proportional to the material degradation rate, thus highlighting the stabilization role of ZnO
particles. In vitro tests were carried out with cells of the musculoskeletal apparatus (fibroblasts, osteoblasts, chondrocytes, and
myoblasts). All cell types showed good adhesion and viability on all substrate formulations. Interestingly, a higher content of ZnO
NPs in the matrix demonstrated higher bioactivity, boosting the metabolic activity of fibroblasts, myoblasts, and chondrocytes and
enhancing the osteogenic and myogenic differentiation. These findings demonstrated the potential of these nanocomposite matrices
for regenerative medicine applications, such as tissue engineering.
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■ INTRODUCTION
Polymeric ultrathin films (also named nanofilms or nano-
sheets) recently emerged as novel devices suitable for a series
of bioengineering applications, including tissue engineering
and regenerative medicine.1 They can be considered quasi-
two-dimensional (2D) structures with a sub-micrometric
thickness (up to hundreds of nanometers) and a larger surface
area (up to several square centimeters). These geometrical
features combined with their tailored surface chemistry make
nanofilms amenable for a broad range of applications.2
Indeed, they have been used as components of chemical/
biological sensors and nanoelectronic devices,3 as ultra-
conformable circuits and electrodes,4 as well as encapsulation
systems for hydrogen storage materials.5 However, these
structures have recently demonstrated a great potential also
in the biomedical field.6−8
Takeoka and colleagues formerly exploited the large contact
area of biodegradable nanosheets to develop nanoadhesive
plasters showing several advantages for surgical dressing.9
Polymeric nanofilms have also been widely used for developing
smart drug delivery systems:10,11 small drugs, proteins, or
nucleic acids can be efficiently embedded in ultrathin matrices
by adsorption, chemical binding, or physical confinement. Such
elements can be released through simple diffusion mechanisms
or by exploiting triggering effects,12−14 Another widely
employed medical application concerns implant surface
coating: van den Beucken and colleagues reported the efficacy
of DNA-based coatings on titanium, obtained via an
electrostatic self-assembly technique.15 Nichols et al. demon-
strated that degradable nano-thick coatings enhanced the
bonding strength with nanocrystalline hydroxyapatite, with
promising applications in bone regeneration.16 Recently, Kam
and colleagues highlighted the importance of nanocoatings
provided with specific topographies to properly modulate
protein adsorption at the surface of the implant and the
expression of factors associated with body fibrotic response.17
One of the most intriguing biomedical applications of
nanofilms concerns their close interaction with living cells and
their capability to influence key cell processes, such as
adhesion, proliferation, and differentiation. Polymeric ultrathin
films are particularly suitable to this purpose, thanks to their
high tailorability in terms of mechanical properties, surface
chemistry, surface electrical charges, and overall matrix
flexibility. Single-layer and multilayer nanofilms have been
recently proposed as innovative platforms in the fields of
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regenerative medicine and tissue engineering.1,18,19 To this
aim, polyelectrolyte multilayer films have been tested as tools
for mechanosensitivity studies on mammalian cells,20 also
evaluating the role of gelatin- and fibronectin-based coatings.21
Single-layer nanofilms have also been tested with a number of
normal and cancer cell types, with the aim of exploiting the
peculiar mechanical,22,23 chemical,24−26 and topographical27
nanosheet features in order to influence cell processes or to
promote certain stem cell fates.28
As known, cell behavior is strongly influenced by nanoscale
chemical−physical patterns and cues, which constitute an
instructive environment able to regulate cell adhesion,
orientation and motility, cytoskeletal condensation, and
modulation of intracellular signalling pathways that control
protein synthesis.29,30 Composite ultrathin films constituted by
a polymeric matrix with embedded polymeric or nonpolymeric
nanomaterials represent interesting devices, able to combine
the unique properties of nanofilms with additional cues
provided by the presence of nanofillers. Few examples of
such systems interfaced with living cells have been reported in
the recent literature: hybrid organic−inorganic films were
reviewed by Podsiadlo and colleagues, highlighting the
potential of thin structures made of a polymer/clay doped
with nanotubes for a series of applications, including biological
ones.31 Ventrelli et al. demonstrated that the incorporation of
magnetic nanoparticles (NPs) within poly(lactic acid) nano-
films allowed to modulate film roughness and wettability, thus
deeply influencing the adhesion and proliferation of H9c2
Table 1. Influence of Different ZnO NP Contents on the Thickness of PEG-b-PCL/PLLA Nanofilms
sample ZnO NP concentration (mg/mL) ZnO NP weight fraction (%) ZnO NP volume fraction (%) thickness (nm)
PEG-b-PCL/PLLA 0 0 0 502 ± 20
PEG-b-PCL/PLLA-0.1 0.1 0.33 0.07 492 ± 26
PEG-b-PCL/PLLA-1 1 3.23 0.68 515 ± 39
PEG-b-PCL/PLLA-10 10 25 6.43 423 ± 82
Figure 1. Topographical surface features described by (A) SEM and (B) AFM images of PEG-b-PCL/PLLA nanofilms provided with different
ZnO NP concentrations. (C) Average roughness and (D) contact angle values for the different nanofilm types. (E) Results of the FTIR analysis.
**p < 0.01.
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myoblasts.32 Uskoković and colleagues recently developed
poly(ε-caprolactone) (PCL) thin films doped with hydrox-
yapatite. The nanoscale topographical features of these devices
influenced the viability, proliferation, migration, and osteo-
genesis of fibroblastic and osteoblastic MC3T3-E1 cells.33
To the best of our knowledge, no insights have been
reported on poly(ethylene glycol)-block-PCL (PEG-b-PCL)
ultrathin films doped with zinc oxide (ZnO) nanomaterials.
PCL is a biocompatible and biodegradable polymer extensively
studied and used in drug delivery and tissue engineering.34 It
can be modulated in its chemical−physical properties by
blending or copolymerizing it with other polymers. In
particular, PEG-b-PCL block amphiphilic copolymers show
interesting properties because of the hydrophilic behavior of
PEG chains associated with PCL hydrophobicity. PEG-b-PCL
structures have been mostly exploited to build micelles for
drug delivery so far.35−37 Recently, amphiphilic block
copolymers based on PCL and poly(L-lactic acid) (PLLA)
have been attracting interest for tissue engineering applica-
tions.38 On the other hand, ZnO nanomaterials are inorganic
structures featured by low toxicity39 and strong piezoelectric
properties.40 Thus, they are promising in view of a nanoma-
terial-mediated stimulation of cells and tissues.41
In this paper, we report for the first time the opportunity to
build robust ultrathin films based on a blend of PEG-b-PCL
and PLLA and doped with ZnO nanopowder (NPs), exploiting
the miscibility of the amorphous regions of PLLA with the
hydrophilic PEG domains of PEG-b-PCL42 and by using ZnO
NPs as stabilizers. We analyzed the effect of three different
ZnO concentrations within the polymeric matrix in terms of
morphological, piezoelectric, mechanical, and chemical proper-
ties. Finally, in vitro results were carried out to demonstrate the
biocompatibility and bioactivity of these materials with
fibroblasts, osteoblasts, myoblasts, and chondrocytes.
■ RESULTS AND DISCUSSION
Ultrathin Film Fabrication and Morphological Char-
acterization. PEG-b-PCL/PLLA blend nanofilms doped with
increasing concentrations of ZnO NPs were fabricated through
spin coating, achieving a thickness value of ∼500 nm for all
material formulations (Table 1).
The addition of ZnO NPs did not significantly influence the
overall film thickness, but it implied modifications of other
material properties such as surface morphology, roughness,
piezoelectricity, and stiffness. Figure 1A shows scanning
electron microscopy (SEM) microimages of the different
nanofilm formulations. It can be observed that increasing
amounts of ZnO NPs led to a less porous surface texture. This
was probably due to the relatively fast dichloromethane
evaporation after the spin-coating phase that determined a
texture with a higher porosity for the formulations provided
with a smaller amount of ZnO NPs. Energy-dispersive X-ray
(EDX) spectroscopy revealed that the ZnO NPs were
homogeneously dispersed in the polymeric matrices for all
the doped formulations, with only a few aggregates of NPs
observed (Figure S1). The morphology of ZnO NPs was not
regular, and their size was typically smaller than 100 nm, as
shown in Figure S2.
The atomic force microscopy (AFM) images shown in
Figure 1B confirmed the observations made on the porosity
through SEM imaging. The surface roughness analysis revealed
that average roughness (Ra) values considerably increased by
increasing the nanofiller content, ranging from 22.11 ± 8.29
nm for the bare nanofilm up to 67.08 ± 13.91 nm for the PEG-
b-PCL/PLLA-10 sample (Figure 1C). By increasing the
nanofiller content, a more compact surface texture emerged,
probably due to a different interaction between the NPs and
the polymeric matrix that influenced the solvent evaporation
dynamics. Despite that, these samples were featured by a
higher roughness. These outcomes are in line with other
reports in which the addition of nanofillers increased the
overall roughness of the polymeric matrix.43,44
The contact angle values reported in Figure 1D highlighted a
hydrophilic behavior for all formulations, essentially due to the
presence of PEG domains that counteract the hydrophobicity
of both PCL and PLLA. The contact angle values decreased
from 60.76 ± 5.61° for the bare nanofilm down to 49.65 ±
1.67° for the PEG-b-PCL/PLLA-1 formulation, with an
inversely proportional relationship between contact angle
values and roughness.45 Interestingly, higher values (60.09 ±
2.24°) were found for the PEG-b-PCL/PLLA-10 formulation,
probably due to the larger amount of hydrophobic ZnO which
counteracted the hydrophilicity of PEG. The achievement of
an overall hydrophilic behavior is interesting in view of an
interaction of these materials with immune cells. In fact,
hydrophilic materials trigger lower immune responses in
comparison to their hydrophobic counterparts, regulating the
macrophage behavior in a different way.46,47
Contact angle measurements were also performed on fluids
different from water, namely, ethylene glycol (polar) and
hexane (apolar), for the evaluation of the surface energy of
each material formulation according to the van Oss−
Chaudhury−Good theory.48 Results are summarized in Table
2.
Assuming the well-known parameters of surface tension (γls)
and the Lifshitz−van der Waals components of surface energy
of the mentioned liquids (γl
+, γl
−, γl
LW), it is possible to obtain




LW). According to the van Oss−Chaudhury−Good theory, the
surface energy of a solid surface derives from the combination
of the Lifshitz−van der Waals and the acid-based components
of the surface energy. Table 2 also reports the average values of
the surface energy for each material formulation.
Such values are similar to the proper values of PCL, PLLA,
PEG, and ZnO, which show surface energy values between 35
and 50 mJ/m2.49−51 PEG-b-PCL/PLLA-1 has the higher
Table 2. Contact Angle Measurements with Water, Ethylene Glycol, Hexane, and Average Values of the Surface Energy for
Each Nanofilm Type
sample
contact angle with water
(deg)
contact angle with ethylene glycol
(deg)




PEG-b-PCL/PLLA 60.77 ± 5.61 10.40 ± 1.17 51.56 ± 4.04 25.25
PEG-b-PCL/PLLA-0.1 56.21 ± 3.47 9.64 ± 1.15 52.48 ± 3.95 40.86
PEG-b-PCL/PLLA-1 49.65 ± 1.77 10.46 ± 1.24 51.29 ± 4.09 48.30
PEG-b-PCL/PLLA-10 60.10 ± 2.24 10.58 ± 1.75 56.10 ± 3.11 38.69
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surface energy being the most hydrophilic combination, while
PEG-b-PCL/PLLA-10 is slightly hydrophobic against apolar
solvents (e.g., hexane). Our results show that the achievement
of a higher porous texture, as for PEG-b-PCL/PLLA, does
imply lower surface energies. When NPs are added within the
polymeric blend, their interaction with the matrix allowed to
increase the surface energy, thus leading to a lower porous but
rougher texture while increasing the concentration. Interest-
ingly, the formulation with the highest content of NPs (PEG-b-
PCL/PLLA-10) shows a slightly lower average value compared
with the other doped preparations. This is probably due to the
higher surface roughness that may decrease the surface energy
of the solid surface, thus reducing the wettability of the liquids
because of the elevated presence of hydrophobic ZnO NPs.
The interaction between the filler and the polymeric blend
has been further investigated through Fourier transform
infrared spectroscopy (FTIR) analysis (Figure 1E). Results
highlight that all the material formulations showed the
characteristic peaks of PEG, PCL, and PLLA. The peak at
3685 cm−1 corresponds to the −OH stretching vibration, while
the peaks at 2891 and 2810 cm−1 are related to the C−H
stretching vibrations of −CH3 and −CH2 groups, respectively.
Then, other visible peaks are attributed to the carbonyl group
−CO stretching vibration at 1730 cm−1, typical of ester
groups of PLLA, and the −C−O−C− group stretching
vibration at 1170 cm−1.52 The presence of ZnO NPs is
revealed by a higher peak at 470 cm−1, which corresponds to
the stretching of Zn−O bonds.53 The polymeric matrices
doped with ZnO NPs do not show a dramatic shift in the
position of the peaks, compared to the bare PEG-b-PCL/PLLA
blend, although the intensity of some peaks is clearly altered by
ZnO NPs. For example, the −CH2, −CH3, and CO
stretching appears at different intensities, thus corroborating
a possible change in polymeric chain interactions, such as a
lower polymeric chain vibration, because of the presence of
ZnO. Furthermore, secondary forces such as weak hydrogen
bonds may also play a role in the interaction between ZnO
NPs and the polymeric matrix.54
Piezoelectric Characterization. The piezoelectric anal-
ysis of samples showed that PEG-b-PCL/PLLA matrices
increased their piezoelectric coefficients corresponding to an
increase of ZnO NP content (Figure 2A).
By considering all the timely measurements in each map
acquired through piezoresponse force microscopy (PFM), the
average d33 piezoelectric coefficient ranged from 0.21 ± 0.09
pm/V (PEG-b-PCL/PLLA) to 1.98 ± 0.46 pm/V (PEG-b-
PCL/PLLA-10) (Figure 2B). These values are average ones:
film piezoelectricity showed peak values up to 6 pm/V in areas
corresponding to the ZnO NPs. The piezoelectricity of the
proposed nanocomposite films opened intriguing opportuni-
ties.55 Indeed, for example, the piezoelectric coefficient of the
bone can reach peak values up to 8 pm/V,56 close to the peak
values recorded on the ZnO-doped nanofilms.
Mechanical Characterization. The analysis of the sample
mechanical properties obtained through the strain-induced
elastic buckling instability for mechanical measurements
(SIEBIMM) test (Figure 3A) showed that the nanofilm elastic
moduli ranged from a median value of 50.62 MPa (PEG-b-
PCL/PLLA) up to 231.1 MPa (PEG-b-PCL/PLLA-10)
(Figure 3B).
These results highlighted a link between the ZnO content
and the overall nanofilm rigidity. Statistical analyses revealed
that nondoped nanofilms and nanofilms doped with 0.1 mg/
mL of ZnO NPs showed the same elastic modulus. However,
nanofilms doped with 1 and 10 mg/mL were much stiffer. In
general, these observations are in agreement with the results
found with other nanocomposite materials, in which the filler
concentration improved the matrix mechanical properties, until
reaching a certain plateau.57−59
Degradation Analysis. The analysis of the sample
degradation rate showed that the weight loss due to hydrolytic
degradation was inversely proportional to the content of NPs
(Figure 4A).
After a period of 16 weeks, an average weight reduction of
54.2, 48.0, and 33.2% was observed for PEG-b-PCL/PLLA,
PEG-b-PCL/PLLA-0.1, and PEG-b-PCL/PLLA-1, respectively.
Interestingly, the samples with the highest NP concentration
(10 mg/mL) resulted in an average weight above 100%
(∼113.0%). Such a result can be explained observing the
intrinsic high surface energy of ZnO NPs. Indeed, this
promoted salt precipitation on the nanofilm surface, which
compensated the weight loss. This was confirmed by the SEM
analysis of the nanofilm surface after 16 weeks, in which salt
crystals are clearly visible (Figure 4B).
Bioresorbability is an important feature of biomaterials.60
Both PCL and PLLA are featured by degradation times
exceeding 24 months,61 while PEG, being water-soluble, may
significantly decrease the degradation time of the composite
films. A high content of ZnO NPs improved the composite
resistance to erosion, enhancing the biomaterial integrity.
The thermal properties of each formulation were analyzed to
better ascertain the interaction between ZnO NPs and the
polymeric blend (Figure 4C). The melting curves showed an
average melting peak that ranged from an average value of 58.1
°C (PEG-b-PCL/PLLA) to 59.3 °C (PEG-b-PCL/PLLA-10).
This trend can be attributed to an overall increase of the
interfacial interactions between ZnO NPs and the polymeric
matrix.62 This implies a higher crystallinity degree that varied
Figure 2. (A) Piezoelectric force microscopy maps of nanofilms with different ZnO NP contents; (B) d33 coefficients, calculated from the signal
amplitude values of the PFM scans. *p < 0.05, **p < 0.01.
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from 66.1% (PEG-b-PCL/PLLA) to 76.6% (PEG-b-PCL/
PLLA-10). This can also be correlated with the higher stiffness
values (Figure 3), as well as with a longer-term stability63,64
(Figure 4A).
In vitro tests: interaction with fibroblasts, osteoblasts,
myoblasts, and chondrocytes.
Figure 5 summarizes the results of the interaction between
normal human dermal fibroblasts (nHDFs) and the different
nanofilm types in terms of cell viability (Figure 5A) and
metabolic activity over 3 days (Figure 5B). Live/dead images
at 24 h showed a good level of nHDF viability on the different
substrates, with almost no dead/necrotic cells. nHDFs
effectively spread on the nanofilm surface, with no appreciable
differences in terms of morphology, on the different sample
types.
The cell metabolic activity increased day-by-day for the
different samples. Interestingly, at the 24 h time point, the cells
cultured on the samples doped with ZnO NPs showed a
significantly higher metabolic activity with respect to those
cultured on nondoped nanofilms. At the 48 and 72 h time
points, only the PEG-b-PCL/PLLA-10 formulation was
statistically different with respect to the bare nanofilms.
These results highlight the higher bioactivity of the ZnO
NP-doped matrices, which are able to accelerate the intra-
Figure 3. (A) Analysis of the 3D profiles acquired through the optical profiler of each nanofilm formulation (left) and a corresponding height
profile analysis (right) after performing the SIEBIMM test. (B) Elastic moduli represented through box plots (2.5−97.5 percentile). **p < 0.01.
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cellular cell metabolic processes, especially at high concen-
trations. Previous literature evidence showed that ZnO NPs,
dispersed in poly(vinyl chloride), decreased bacteria growth
and enhanced fibroblast proliferation 18 h after seeding.65 In
the above-mentioned study, ZnO NPs were used at a high
concentration (15% w/w). In this paper, different weight
fractions of NPs were tested (0.33, 3.23, and 25% w/wsee
Table 1). In addition, different time points were analyzed in
our study: this allowed to clarify that even a small quantity of
ZnO NOPs has a statistically significant effect on fibroblast
metabolic activity at 24 h, while only the highest concentration
still maintains a longer-term effect in the following days. In the
previously mentioned study, the authors argued that substrate
wettability may play a role on the different cell behavior.
Figure 4. (A) Degradation kinetics described as the remaining sample total mass over time. (B) SEM images of two representative sample types
having different ZnO NP contents (0 and 10 mg/mL) at different magnifications. (C) Depiction of the DSC curve between −60 and 180 °C (left)
and a detail of the curve at 60 °C (right).
Figure 5. Interaction of the different nanofilm types with HDFs: (A) live/dead assay performed at 24 h after seeding (green = live cells, red =
dead/necrotic cells). Scale bar is 50 μm. (B) Cell metabolic activity at days 1, 2, and 3 after seeding. **p < 0.01.
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However, our results indicate that the contact angle is not
correlated with higher or lower fibroblast metabolic activity
levels, having the nondoped control and the nanofilm doped
with the highest ZnO NP concentrations of similar values
Figure 6. Interaction of the different nanofilm types with MG-63 osteoblasts: (A) live/dead assay at 24 h (green = live cells, red = dead/necrotic
cells). Scale bar is 50 μm. (B) Cell metabolic activity over 3 days. (C) Alizarin-red-S staining of MG-63 cells differentiated for 10 days on the
different nanofilm formulations. Scale bar is 200 μm. (D) Evaluation of the area covered by calcium, estimated from the images and (E) quantified
through absorbance readings. **p < 0.01.
Figure 7. Interaction of the different nanofilm types with C2C12 myoblasts: (A) live/dead assay at 24 h (green = live cells, red = dead/necrotic
cells). Scale bar is 50 μm. (B) Cell metabolic activity over 3 days. Myogenic differentiation: (C) representative pictures of myotube actin filaments
on the different substrates (scale bar is 75 μm) and (D) quantitative analysis of the myotube length and width. **p < 0.01.
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(Figure 1D). Rather, these results can be explained by surface
bioactivity enabled by the ZnO NPs, which may imply a higher
protein absorption on the nanofilm surface66 that, in turn, can
influence cell behavior.
Figure 6 shows the results of the interaction between MG-63
osteoblasts and the different nanofilm types in terms of
viability (Figure 6A), metabolic activity over 3 days (Figure
6B), and calcium deposition upon differentiation for 10 days
(Figure 6C−E).
Also in this case, a good cell viability emerged for all the
substrates, with almost no dead/necrotic cells and with live
cells showing a nicely spread shape. No statistically significant
differences emerged between the different samples in terms of
osteoblast metabolic activity over 3 days.
A preliminary valuation of osteoblast differentiation was also
carried out by calcium assessment. Results showed that all
substrates exhibited calcium formation (Figure 6C). The
mineral deposition significantly increased for higher amounts
of ZnO NPs, when compared to the bare formulation (PEG-b-
PCL/PLLA). Calcium deposition in PEG-b-PCL/PLLA-10
samples was almost 3 times higher compared to that in the
nondoped control (Figure 6D). These results were also
confirmed by a quantitative analysis through absorbance
readings (Figure 6E) in order to exclude the possible
contribution because of the affinity between ZnO and the
Alizarin Red dye. These results confirmed that ZnO NPs
constituted a boost in the cell differentiation phase. Calcium
formation was not influenced by previous cell metabolic
activity rates, being not statistically different over 3 days
(Figure 6B).
This behavior may be due to different factors: the
piezoelectric nature of ZnO (Figure 2) may promote a faster
bone-like tissue maturation. Indeed, piezoelectric composites
can contribute to bone remodeling and healing, while bone
cells are exposed to stress67,68 and can be even remotely
stimulated with ultrasound.69 Besides, zinc plays an important
role in bone metabolism because its deficiency may result in
bone loss. Zinc ions released from the composite nanofilm may
constitute a bioactive compound that has calcium-forming
abilities and is able to stimulate osteoblasts.70,71 ZnO NPs may
also constitute optimal nucleation sites for calcium mineraliza-
tion. Furthermore, previous scientific evidence highlighted that
surface roughness has an influence on osteogenic differ-
entiation.72 The increased surface roughness of the nano-
composite substrates (Figure 1C) thus probably plays a role in
the higher calcium deposition on the substrates featured by a
higher content of ZnO NPs.
Figure 7 shows the results concerning the interaction
between C2C12 myoblasts and the different nanofilm types
in terms of viability (Figure 7A), metabolic activity over 3 days
(Figure 7B), and differentiation after 5 days (Figure 7C).
The cells obtained were viable on all nanofilm formulations.
No differences among the samples were found in myoblast
metabolic activity after 24 h, while at the subsequent time
points (48 and 72 h), the metabolic activity of the cells
cultured on PEG-b-PCL/PLLLA-10 samples was much higher
compared to that of the cells cultured on the other substrates.
This behavior can be ascribed not only to a higher protein
absorption because of ZnO NP bioactivity but also to higher
roughness values, which have been shown to improve C2C12
proliferation.43,73
Differentiation results showed that after 5 days, the presence
of ZnO NP concentrations above 1 mg/mL allowed to obtain
longer myotubes (up to ∼300 μm) with respect to the bare
nanofilms and the nanofilms doped with 0.1 mg/mL of NPs,
while the myotube width was not affected. These results
suggest a relevant contribution provided by the ZnO NPs,
which played a major role during the differentiation phase, as
previously shown for MG-63 cells. The scaffold piezoelectricity
may be a boosting stimulus for this phenomenon. The
presence of ZnO within the polymeric matrix may also
constitute a bioactive stimulus for the formation of more
mature myotubes by providing a zinc release rate able to
stimulate muscle cells to differentiate. Similar insights have
been found by Trujilio et al., although a clear threshold of ZnO
NP concentration to be introduced was not identified;74 in our
study, we clarified that concentrations in the order of
magnitude of 1 mg/mL or higher have significant effects on
C2C12 differentiation, while smaller amounts (e.g., 0.1 mg/
mL) do not considerably affect muscle cell behavior.
Figure 8 summarizes the results of the interaction between
human chondrocytes (HCs) and the different nanofilm types
in terms of cell viability (Figure 8A) and metabolic activity
over 3 days (Figure 8B). Live/dead images at 24 h showed a
good level of HC viability on the different substrates, with
almost no dead/necrotic cells and no substantial differences in
terms of morphology.
The cell metabolic activity increased over time for the
different samples. The presence of ZnO NPs showed a higher
cell metabolic activity with respect to the bare samples (PEG-
b-PCL/PLLA). At 72 h, the HCs cultured on PEG-b-PCL/
PLLA-10 samples showed a significantly higher metabolic
activity with respect to all the other sample types, suggesting
that the ZnO NPs, embedded in the polymeric matrix, may
trigger an upregulation of proteoglycan synthesis, as already
reported in the literature, even if in hypoxia conditions.75 On
the other hand, the material roughness may also contribute to
determine the chondrocyte behavior. However, it has been
demonstrated that its role is more relevant when assessing the
Figure 8. Interaction of the different nanofilm types with HCs: (A) live/dead assay performed at 24 h after seeding (green = live cells, red = dead/
necrotic cells). Scale bar is 50 μm. (B) Cell metabolic activity at days 1, 2, and 3 after seeding. **p < 0.01, *p < 0.05.
ACS Applied Materials & Interfaces www.acsami.org Research Article
https://dx.doi.org/10.1021/acsami.0c00154
ACS Appl. Mater. Interfaces 2020, 12, 21398−21410
21405
glycosaminoglycans and collagen formation for Ra values up to
230 nm.76 Zinc deficiency has been correlated to cartilage-
related diseases; being involved in the antioxidant capacity of
chondrocytes, its lack might inhibit cell proliferation.77,78 It has
been demonstrated that zinc, even at low doses (lower than 0.5
μM), can increase the proliferation of chondrocytes by 40−
50%.79
As for osteoblasts, piezoelectric composites may contribute
to cartilage healing, while chondrocyte cells are exposed to
stress.68 The use of piezoelectric nanomaterials may thus lead
to interesting applications in the field of cartilage tissue
engineering, as recently shown for barium titanate.80”
Safety issues may arise in relation to a possible release of
ZnO from the polymeric matrix, although ZnO NPs represent
one of the most relevant nanomaterials used in biomedical
applications because of their interesting features, such as UV
light absorption and antimicrobial properties.81,82 Toxicity has
been mainly related to the particle size (diameter less than 50−
60 nm,83), as well as concentration.84,85 Indeed, Zn2+
dissociated from ZnO could be associated with cytotoxic
phenomena and oxidative stress conditions. However, ZnO
NPs are highly sensitive toward phosphate ions, which can
limit the concentration of free Zn2+ ions with the rapid
precipitation of zinc phosphate, which can be transported to
the liver for controlled recycling of the zinc ions.86
■ CONCLUSIONS
A novel nanocomposite ultrathin film based on a blend of
PEG-b-PCL and PLLA, doped with different concentrations of
ZnO NPs, was described. The PEG-b-PCL−PLLA blend
showed a peculiar porous texture; the porosity decreased with
the increase of ZnO NPs. Higher concentrations of NPs also
implied larger roughness, piezoelectricity, stiffness, melting
point, crystallinity, and a slower degradation rate.
The interaction between the different material formulations
and mammalian cells was evaluated by means of cell models
owing to the musculoskeletal apparatus, namely, fibroblasts,
osteoblasts, myoblasts, and chondrocytes. All cell types showed
a good viability on the different samples. Metabolic activity
quantification over 3 days revealed no difference between
samples concerning MG-63 osteoblasts, while the surface
bioactivity of ZnO NPs, especially at high concentration (10
mg/mL), significantly affected the metabolic activity of
fibroblasts, C2C12 myoblasts, and chondrocytes.
The bioactivity of the nanocomposite nanofilms also played
a role in the formation of calcium deposits during osteoblasts
differentiation, as well as in the formation of long myotubes
during myoblast differentiation. A correspondence between
ZnO NP concentration and osteogenesis and myogenesis
processes was found, suggesting an important role of NPs in
mediating osteogenic and muscular differentiation on the
proposed nanofilms. Future studies may also focus on the
chondrogenic properties of this nanocomposite film, exploiting
its piezoelectricity, to this purpose.
Overall, the results highlight the potential of the proposed
nanofilm formulations for tissue regeneration and regenerative
medicine applications.
■ MATERIALS AND METHODS
Nanofilm Fabrication. A blend solution (150 μL) made of 25
mg/mL of PEG-b-PCL (PEG average Mn ≈ 5000, PCL average Mn ≈
32,000, Sigma-Aldrich) and 5 mg/mL of PLLA (Mw = 101,000,
Sigma-Aldrich) in dichloromethane was spin-coated over a glass
substrate (diameter: 12 mm) at 2000 rpm for 20 s (acceleration 500
rpm/s).
ZnO nanopowder (<100 nm particle size, Sigma-Aldrich) was
added at different concentrations (0.1, 1, and 10 mg/mL) to the
polymeric solution and sonicated for 1 h in an ultrasound bath.
Finally, the solution was spin-coated with the same parameters
reported above.
Characterization of Morphology and Thickness. The surface
morphology was characterized by SEM (EVO MA15, Zeiss
Instrument) imaging. Scans were performed by setting a beam
voltage of 10 kV and a probe current of 200 pA. For the EDX analysis,
a dual beam microscope was used (FIB/SEM microscope, Helios,
Hillsboro, OR, USA, NanoLab 600i, FEI, Hillsboro, OR, USA). To
this purpose, a beam voltage of 15 kV, a current of 0.17 nA, and an
acquisition time of 90 s were set.
For thickness measurements, a cut with tweezers was made at the
center of each glass-supported nanofilm in order to measure the
height profile across the scratch. Measurements were performed by
means of a surface profiler (KLA-Tencor). Five independent samples
were analyzed for each nanofilm type.
The evaluation of topography and roughness was performed by
AFM (Veeco Innova Scanning Probe Microscope, Veeco Instruments
Inc.). Scans were obtained in tapping mode by setting a 0.3 Hz scan
frequency and scanning areas of 20 × 20 μm22 and 5 × 5 μm,22
respectively. The cantilever had a nominal spring constant in the
range 1.45−15.1 N/m and a resonant frequency of 87−230 kHz. The
Ra was measured as the average height of the centerline. Three images
were acquired for each sample type, and three independent samples
were analyzed for each nanofilm type.
For the FTIR analysis, each spectrum was acquired by using a Cary
660 FTIR spectrometer (Agilent Technologies). The scan resolution
was 2 cm−1.
Contact Angle and Surface Energy Measurements. Contact
angle measurements were performed on the ultrathin film surface by
using the sessile drop method in air through a tensiometer (Theta
Lite, Attension/Biolin Scientific). Drops of 3 μl of deionized water (d-
H2O), ethylene glycol, and hexane were placed on the sample surface,
and data were acquired 5 s after the contact between the drop and the
polymer surface. Three different points on the sample surface were
analyzed for each sample, and three independent samples were
analyzed for each sample type.
The analysis of the surface energy was performed after the
evaluation of the contact angle of the mentioned polar and apolar
liquids. By considering the van Oss−Chaudhury−Good theory which
takes into account both polar and apolar components of surface
energy, the complete Young’s equation can be expressed as follows
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where θ is the measured contact angle, γls is the surface tension of the
liquid, γl
LW and γS
LW are the Lifshitz−van der Waals components of
surface energy, and γ̅+ and γ̅− are the electron acid−base acceptor
and donor components, which can be referred to both the solid and
the liquid media. Therefore, resolving a 3 × 3 equation system, it is








LW) are known from the literature.87,88 The surface
energy γS can be thus derived by solving the following equation
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Piezoelectric Characterization. The piezoelectric properties
were investigated by means of PFM (Icon Bruker AFM system),
setting a scan frequency of 0.3 Hz and a scanning area of 5 × 5 μm2. A
silicon probe with a Pt−Ir coating (SCM-PIT), a measured spring
constant of 1.72 N/m, a resonant frequency of 68.2 kHz, and a
deflection sensitivity of 108 nm/V was used. The amplitude and phase
of the piezoelectric signals were acquired in the vertical direction via
lock-in detection by applying to the tip an alternating current (ac)
voltage of 10 V at a 15 kHz frequency. Five specimens for each sample
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type were analyzed, and the average value of the piezoresponse
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Mechanical Characterization. The nanofilm mechanical proper-
ties were assessed by using the SIEBIMM test.89 Nanofilms were
released in d-H2O and collected on a prestretched (5% strain)
polydimethylsiloxane (PDMS) stripe (10:1 as the mixing ratio). The
samples were dried overnight prior to relaxing the PDMS substrate,
thus producing the nanofilm buckling. An optical profiler (Leica
DCM8) was used to analyze the buckling wavelength. Z-stacks (scan
area: 254 × 190 μm2) were acquired, and data were converted into
2D images provided with a height-related grayscale to analyze the




















where E is the elastic modulus, ν is the Poisson ratio, p is the subscript
referring to the nanofilm, λ is the wavelength of the wrinkles, and t is
the nanofilm thickness. In eq 2, we used an EPDMS value of 1.8 MPa, a
νp value of 0.36, and a νPDMS value of 0.50.
90
Degradation Tests. Nanofilm degradation was evaluated by
incubating each sample type at 37 °C in phosphate-buffered saline
(PBS) within an orbital agitator (711CT, Elettrofor). A cyclic
agitation at 2 rpm was imposed for the whole testing period. The
nanofilm degradation kinetics was evaluated by monitoring the
percentage of the dry weight loss overtime at different time points: 1
week, 2, 4, 8, and 16 weeks. Six independent samples for each
nanofilm type were tested.
Differential Scanning Calorimetry. The thermal behavior of the
different nanofilm formulations was investigated by differential
scanning calorimetry (DSC, Setaram DSC 131). Each sample (2.5
mg) was heated from −80 to 190 °C at a heating rate of 10 °C/min.
The samples were then immediately cooled to −80 °C for 15 min
after reaching the target temperature and then heated again from −80
to 190 °C at a heating rate of 10 °C/min. The material melting point
was obtained from the second heating run, while crystallinity was
calculated with reference to the enthalpy of fusion of PCL (139.5 J/
g,91). Each value reported was an average of three independent
specimens for each nanofilm type.
Nanofilm Fabrication for in Vitro Experiments. For cell
culture experiments, glass slides were previously modified through a
silane surface functionalization to keep them adherent during the in
vitro tests. First, the glass slides were treated with oxygen plasma (30
s, 50 W at 0.5 mbar). Then, they were immersed in trimethyl-
chlorosilane (Sigma-Aldrich) for 15 min. After washing with
isopropanol alcohol, the glass slides were spin-coated with the
different solutions used to obtain the different nanofilm types.
Before cell culture experiments, the nanofilms were coated with an
ultrathin layer of collagen type I to favor cell adhesion according to a
previous protocol.92 Briefly, a working solution (pH = 7.2) of collagen
type I from calf (Sigma-Aldrich) was prepared at a concentration of
15 μg/mL in PBS with 1% of pen/strep (P/S, Gibco). Each sample
was UV-irradiated for 30 min before adding the working solution (1
mL/cm2). Substrates were incubated for 6 h at 37 °C. Then, the
collagen solution was removed, and a uniform liquid film was formed
on the sample surface by gently agitating a drop of d-H2O on it (100
μL/cm2). Then, all samples were kept at 37 °C until the liquid was
fully evaporated (∼48 h).
Cell Cultures. nHDFs (CC-2511, Lonza), human osteosarcoma
cells (MG-63, ATCC-1427), murine skeletal myoblasts (C2C12,
ATCC-1772), and HCs (Cell Applications Inc.) were used as cell
models. nHDFs were cultured in growth medium consisting of high-
glucose Dulbecco’s modified Eagle’s medium (DMEM, Sigma-
Aldrich) supplemented with 10% fetal bovine serum (FBS, Euro-
clone) and 1% P/S. Cells were seeded on the samples at a density of
25,000 cells/cm2.
MG-63 cells were cultured in growth medium consisting of
Minimum Essential Medium EagleAlpha Modification (MEM-α,
Sigma-Aldrich) supplemented with 10% FBS and 1% P/S. Cells were
seeded on the samples at a density of 25,000 cells/cm2. MG-63
differentiation was induced by switching the medium 2 days after
seeding. The differentiation medium consisted of MEM-α supple-
mented with 10 mM β-glycerophosphate (Sigma-Aldrich), 100 nM
dexamethasone (Sigma-Aldrich), and 50 μM L-ascorbic acid (Sigma-
Aldrich). The differentiation medium was renewed every 2 days.
C2C12 cells were cultured in growth medium consisting of DMEM
supplemented with 10% FBS and 1% P/S. Cells were seeded on the
samples at a density of 25,000 cells/cm2. C2C12 differentiation was
induced by switching the medium 2 days after seeding. The
differentiation medium consisted of DMEM supplemented with 1%
ITS (Sigma-Aldrich) and was renewed every day.
HC cells were cultured in growth medium consisting of HC
Growth Medium (Cell Applications Inc.). Cells were seeded on the
samples at a density of 25,000 cells/cm2.
Viability and Metabolic Activity Assays. The interaction
between cells and nanofilms was first assessed by means of the live/
dead viability/cytotoxicity Kit (Invitrogen) and the PrestoBlue
(Invitrogen) assay. In the first case, the cells were washed with PBS
24 h after seeding and incubated with calcein and ethidium
homodimer for 30 min at 37 °C. Then, fluorescence images were
acquired by means of an inverted microscope (Eclipse Ti, FITC-
TRITC filters, Nikon Corporation) equipped with a CCD camera
(DS-5MC USB2, Nikon Corporation) to discriminate live cells (in
green) from dead/necrotic ones (in red). For the PrestoBlue assay, at
the desired time points (24, 48, and 72 h) the cells were incubated for
2 h with a 10% solution of the reagent in basal culture medium. The
resulting supernatant was diluted (1:1) with medium, and
fluorescence was measured with a microplate reader (Victor X3,
PerkinElmer) at an excitation wavelength of 535 nm and an emission
wavelength of 615 nm. Three independent samples were analyzed for
each sample type and for each time point.
Alizarin Red S Staining and Calcium Quantification. After 10
days of MG-63 cell differentiation, each sample was washed two times
with PBS and then incubated with paraformaldehyde (4%) for 30 min
at room temperature. After washing two times with PBS, the samples
were incubated with 2% wt. Then, the samples were stained with
Alizarin Red S solution (pH = 4.1−4.3, Merck) for 30 min in the dark
and washed two times with d-H2O to remove unspecific staining.
Bright-field images were then acquired, and the amount of calcium
was quantified by analyzing the density of the red-covered areas
through ImageJ. The mineralization degree was also quantified by
incubating the samples in a solution of 20% methanol (Sigma-
Aldrich) and 10% acetic acid (Fisher Scientific) in d-H2O. After 15
min, the liquid was transferred into cuvettes, and the quantity of
Alizarin red dissolved was read through a UV/VIS Lambda 45
spectrophotometer (PerkinElmer) at a wavelength of 450 nm. Four
independent samples were analyzed for each sample type.
C2C12 Staining and Assessment of Skeletal Muscle Cell
Differentiation. After 5 days of C2C12 cell differentiation, the
samples were washed with PBS and incubated with paraformaldehyde
(4%) for 30 min at room temperature. Then, the samples were
washed with PBS and incubated with phalloidin (Sigma-Aldrich) for
30 min to stain the myotube actin filaments. Fluorescence images
were then acquired by using an inverted microscope. From these
images, the myotube length and width were assessed by analyzing at
least 50 myotubes for each sample type.
Statistical Analyses. Normal data were reported as average value
±standard deviation, while non-normal data were displayed as box
plots (2.5th−97.5th percentile), showing their median values. Values
outside 2.5th and 97.5th percentiles were considered as outliers.
Normal data were analyzed through a one-way ANOVA with Tukey’s
post-test, while non-normal data were analyzed using a Kruskal−
Wallis test and a Dunn’s multiple comparison test (GraphPad Prism
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v6). Statistically significant differences among sample types were
defined through a significance threshold set at 5% (*p < 0.05).
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PEG-b-PCL/PLLA, nanofilm based on a blend of PEG-b-
PCL and PLLA
PEG-b-PCL/PLLA-0.1, nanofilm based on a blend of PEG-
b-PCL and PLLA and doped with 0.1 mg/mL of ZnO NPs
PEG-b-PCL/PLLA-1, nanofilm based on a blend of PEG-b-
PCL and PLLA and doped with 1 mg/mL of ZnO NPs
PEG-b-PCL/PLLA-10, nanofilm based on a blend of PEG-
b-PCL and PLLA and doped with 10 mg/mL of ZnO NPs
PFM, Piezoresponse force microscopy
PLLA, poly(L-lactic acid)
SEM, scanning electron microscopy
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